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Abstract

Objective

This meta-analysis aims to examine the association between being overweight/obese and
risk of meningiomas and gliomas as well as overall brain/central nervous system (CNS)
tumors.

Study Design

Potentially eligible publications were sought in PubMed up to June 30, 2014. Random-
effects meta-analysis and dose-response meta-regression analysis was conducted.
Cochran Q statistic, I-squared and tau-squared were used for the assessment of between-
study heterogeneity. The analysis was performed using Stata/SE version 13 statistical
software.

Results

A total of 22 studies were eligible, namely 14 cohort studies (10,219 incident brain/CNS
tumor cases, 1,319 meningioma and 2,418 glioma cases in a total cohort size of 10,143,803
subjects) and eight case-control studies (1,009 brain/CNS cases, 1,977 meningioma cases,
1,265 glioma cases and 8,316 controls). In females, overweight status/obesity was associ-
ated with increased risk for overall brain/CNS tumors (pooled RR = 1.12, 95%CI: 1.03—1.21,
10 study arms), meningiomas (pooled RR = 1.27, 95%CI: 1.13—-1.43, 16 study arms) and
gliomas (pooled RR = 1.17, 95%Cl: 1.03-1.32, six arms). Obese (BMI>30 kg/m?) females
seemed particularly aggravated in terms of brain/CNS tumor (pooled RR = 1.19, 95%CI:
1.05-1.36, six study arms) and meningioma risk (pooled RR = 1.48, 95%Cl: 1.28-1.71,
seven arms). In males, overweight/obesity status correlated with increased meningioma
risk (pooled RR = 1.58, 95%Cl: 1.22-2.04, nine study arms), whereas the respective asso-
ciation with overall brain/CNS tumor or glioma risk was not statistically significant. Dose-
response meta-regression analysis further validated the findings.
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Conclusion

Our findings highlight obesity as a risk factor for overall brain/CNS tumors, meningiomas
and gliomas among females, as well as for meningiomas among males.

Introduction

Glioma and meningioma are the two most common primary central nervous system (CNS)
tumors, representing 70% and 20% of brain tumors, respectively [1, 2]. Gliomas originate from
glial cells, are as a rule histologically malignant and are more frequent among males [1]. On the
other hand, meningiomas originate from the arachnoidal cells of the leptomeninges, are typically
histologically benign and are two-fold more frequent among females [3]. The risk factors for
brain tumors are poorly understood [4], but may include genetic conditions and ionizing radia-
tion [5]; occupational exposures seem also to be meaningful, as glioma has been linked with
occupational exposure to arsenic, mercury and petroleum products, whereas meningioma has
been associated with lead exposure [6]. The Million Women Study highlighted attained height as
a risk factor for the incidence of all central nervous system tumors with an excess risk of about
20% per 10 cm increase in height [7]. Currently, there is a vivid debate regarding the effects of
mobile phone use [8]. On the other hand, a meta-analysis has highlighted atopy as a potential
factor inversely associated with glioma but not meningioma [9], whereas another meta-analysis
did not find any significant association between smoking and glioma risk [10]. Head injury may
entail at most only a small increase in the overall risk of brain tumors[11]. Hormonal and repro-
ductive risk factors appear to be associated with meningioma risk, as positive associations with
hormone replacement therapy use [12], uterine fibroids [13] and endometriosis [13] have been
reported, culminating at a possibly positive association with breast cancer [14].

Obesity is a well established risk factor for several cancer types [15]; it has been postulated
that obesity may account for approximately 20% of all cancer cases [16]. The spectrum of obe-
sity-related cancer may span colon [17], endometrial [18], postmenopausal breast [16], renal [15,
16], esophageal [15], thyroid [15, 16], prostate [19] cancer and hematological malignancies [20],
whereas a recent meta-analysis performed by our team highlighted the association between obe-
sity and melanoma among males [21]. Nevertheless, the association between obesity and CNS
tumors remains rather obscure, given that CNS tumors are rather uncommon and individual
studies have yielded mutually conflicting results. Recently, a meta-analysis focused especially on
meningioma, synthesizing data from six studies [22]; the authors concluded that being obese, but
not overweight, was associated with increased risk for meningioma, especially among females.

To our knowledge, however, no effort has been undertaken till now, to quantitatively syn-
thesize all published cohort and case-control studies, in order to evaluate the potential associa-
tion between glioma, or overall brain/CNS tumors and obesity.

In view of the former considerations, our aim was to comprehensively examine the associa-
tion between obesity and risk for brain/CNS tumors, glioma as well as meningioma in adults,
synthesizing all available evidence. Separate analyses were conducted in males and females, in
order to evaluate potential sex-specific discrepancies.

Materials and Methods
Search algorithm and eligibility of studies

This meta-analysis was performed in line with the PRISMA guidelines. Eligible studies were
identified in PubMed; no restriction regarding publication language was adopted and the end-
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of-search date was June 30, 2014. The details about the search algorithm are provided in S1
File.

Cohort and case-control studies that examined the association between BMI and risk of
overall brain/CNS tumors, glioma or meninigioma were deemed eligible. A systematic search
in the reference lists of eligible articles and relevant reviews for potentially eligible articles was
performed (“snowball” procedure). In case of overlapping study populations the larger study
was ultimately included. Two reviewers (TNS, TP) independently performed the selection of
studies; in case of disagreement, the final decision was reached by team consensus.

Data extraction

The data extraction from eligible studies included: first author’s name, publication year, journal
where the study was published, type of study (cohort or case-control), study period including
the follow-up, geographical region, age of subjects, adjustment factors in multivariable analy-
ses. Specifically for case-control studies, the number, definition and eligibility criteria of cases
and controls, as well as the matching factors were extracted. Regarding cohort studies, the
cohort size and number of incident cases were abstracted. Two reviewers (IN-S, IGT) indepen-
dently extracted the data and, in case of disagreement, final decision was reached by team
consensus.

Regarding effect estimates, the maximally adjusted Odds Ratios (ORs) for case-control stud-
ies as well as the maximally adjusted Relative Risks (RRs) for cohort studies were abstracted,
together with their Confidence Intervals (CIs) for each BMI category. Separate abstraction was
undertaken for males and females. When the aforementioned information was not available,
the data of 2x2 tables in the articles were used for the calculation of crude effect estimates and
95% Cls.

Letters were sent to the authors of studies which did not separately report relative risks per-
taining to overweight and obese subjects, as well as to articles reporting exclusively on overall
brain/CNS cancer, requesting the subgroup analyses on gliomas and meningiomas. The corre-
sponding authors were contacted twice (a reminder e-mail was sent one week after the first e-
mail).

Statistical analyses: meta-analysis

Being overweight was defined as BMI 25-30 kg/m” and obesity was defined as BMI >30 kg/m”.
In this analysis, the term “study arms” refers to the various BMI categories presented in the
included studies. The overweight and/or obese “study arms” were pooled, as appropriate. Apart
from the overall pooling of overweight/obese subjects (vs. normal weight), subgroup analyses
were performed for overweight and obese subjects. Separate models were constructed regarding
overall brain/CNS tumors, meningiomas and gliomas, stratified by gender (females; males; study
arms not distinguishing between the two sexes). The pooled effect estimate was calculated on the
basis of random effects models (DerSimonian-Laird, with the estimate of heterogeneity being
taken from the Mantel-Haenszel model). Cochran Q statistic and I? were used for the assessment
of between-study heterogeneity [23]; nevertheless, in view of the limitations of I* as an index [24,
25] the values of 2 (tau”2) were also provided.

Statistical analyses: dose-response meta-regression analysis

Dose-response meta-regression analysis serves the investigation of the relationship between
different BMI levels and the outcomes. A specific BMI value was allocated to each study arm
according to the algorithm described by our previous meta-analysis [21]. Specifically, in case of
category a to b the arithmetic mean was adopted. Regarding the upper, open ended categories
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(>a), two alternative approaches were undertaken [21], namely: (i) the lower bound was multi-
plied by 1.2 (approach according to Berlin et al. [26]) and (ii) the formula a,,+ (a,—a,, ;) was
implemented (approach according to II'yasova et al. [27]), where a,, stands for the open-ended
category threshold (>a,,) and a,, ; pertains to the immediately lower category (a,, ; to a,,). Dur-
ing pooling of study arms, the values according to the approach by Berlin et al. [26] were pre-
ferred, because this algorithm allocates values of upper bounds to a greater number of study
arms versus that by II'yasova et al. [27]. As described in our previous meta-analysis [21], the
latter algorithm cannot allocate values when the n-1 category is open, as is the case in studies
adopting a binary categorization.

At the meta-regression analysis, the log of the study effect estimates was set as the depen-
dent variable in a general linear model. BMI was analyzed in increments of 5 kg/m? [21]; we
present the exponentiated slope coefficient from the linear regression. Both alternative analyses
(approaches by Berlin et al. [26] and II'yasova et al. [27]) were presented. All analyses were per-
formed using Stata/SE version 13 (Stata Corp, College Station, TX, USA).

Risk of bias

The Newcastle-Ottawa Quality scale [28] was used for the evaluation of quality regarding the
included studies. With respect to longitudinal cohort studies, the cut-off value was a priori set
at 5 years regarding the desirable length of follow-up, whereas the cut-off value for complete-
ness of follow-up was set at 85%. The studies were rated by two independent reviewers (IN-S
and IGT); in case of disagreements, final decision was reached by team consensus.

Concerning the assessment of publication bias, the overall (overweight and obese pooled
together) pooling analyses in males and females were chosen, in order to maximize the power
of the relevant tests [23]. The Egger’s [29] formal statistical test was adopted; for the interpreta-
tion of Egger’s test, statistical significance was defined as p<0.1.

Results
Selection and description of eligible studies

Fig 1 presents the flow chart describing the successive steps during the selection of eligible stud-
ies. A total of 1,282 abstracts were identified and screened; all details regarding the selection of
eligible studies are presented in S1 File.

Taken as a whole, 14 cohort studies [7, 30-42] including 10,219 incident brain/CNS tumor
cases [7, 30, 31, 37-40, 42], 1,319 incident meningioma cases [7, 31, 33-35, 41], 2,418 incident
glioma cases [7, 31, 32, 35, 36, 41], in a total cohort size of 10,143,803 subjects (Table 1) and
eight case-control studies [43-50] including 1,009 brain/CNS cases, 1,977 meningioma cases,
1,265 glioma cases and 8,316 controls (Table 2) were included in the present meta-analysis.
The dataset of the study is available in “S1 Dataset” and the PRISMA Checklist in “S1
Checklist”.

Meta-analysis: brain/CNS tumors

The middle panels of Table 3 present the results of the meta-analyses regarding the associa-
tion between being overweight/obese and risk of overall brain/CNS tumors. Overweight status/
obesity was associated with increased risk for brain/CNS tumors among females (pooled

RR = 1.12, 95%CI: 1.03-1.21, 10 study arms, I* = 12.8%, Fig 2), with the association being evi-
dent in the subset of cohort studies (pooled RR = 1.13, 95%CI: 1.03-1.24, eight study arms,

I” = 24.4%). The positive association was mainly due to the obese female subjects, as increased
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Fig 1. Flow chart describing the successive steps during the selection of eligible studies.
doi:10.1371/journal.pone.0136974.g001

brain/CNS tumor risk was observed among them (pooled RR = 1.19, 95%CI: 1.05-1.36, six
study arms, I” = 17.8%, Fig A in S1 File).

On the other hand, no association between overweight status/obesity and brain/CNS tumor
risk was identified in males (pooled RR = 1.01, 95%CI: 0.94-1.08, 14 study arms, I’ =12.1%,
Fig B in S1 File). Subgroup analyses by overweight or obesity status replicated the null associa-
tion (Fig C in S1 File).

In the instances where studies did not distinguish their findings by gender (referred to as
“study arms which did not distinguish sexes”), the pooled analysis did not yield any statistically
significant association regarding brain/CNS tumor risk (pooled RR = 1.09, 95%CI: 0.97-1.23,
seven study arms, I? = 43.9%, Figs D and E in S1 File). Most probably, this was due to the
admixture of the two genders, with their differing profiles.

A post hoc sensitivity analysis including studies reporting exclusively on brain tumor risk
(therefore excluding the study arms with collective reporting on “brain/CNS” as a whole) was
hampered by the smaller number of eligible study arms; no significant associations were noted
therein (Fig F in S1 File).

Meta-analysis: meningiomas

The middle panels of Table 3 present the results of the meta-analyses regarding the association
between overweight status/obesity and risk of meningioma. Overweight status/obesity was
associated with increased risk for meningioma among females (pooled RR = 1.27, 95%ClI:
1.13-1.43, 16 study arms, I” = 35.7%, Fig 3), with the association replicated both in the subset
of cohort (pooled RR = 1.39, 95%CI: 1.17-1.64, 10 study arms, I” = 39.9%) as well as case-con-
trol studies. Once again, the positive association could be mainly attributed to the obese female
subjects, as increased meningioma risk was noted among them (pooled RR = 1.48, 95%CI:
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Study
ID

Cohort studies

Benson, females, 2008, 25.0-29.9
Benson, females, 2008, >=30.0
Calle, females, 2003, 25.0—-29.9
Calle, females, 2003, 30—34.9
Calle, females, 2003, >=35.0
Parr, females, 2010, 25.0-29.9

%
OR/RR (95% CI)  Weight

Parr, females, 2010, 30.0—60.0 <
Wolk, females, 2001, >28.6
Subtotal (I-squared = 24.4%, p =0.235

Case—control studies

Pan, females, 2004, 25-30

Pan, females, 2004, >=30

Subtotal (I-squared = 0.0%, p = 0.450)

Overall (I-squared = 12.8%, p = 0.325)

NOTE: Weights are from random effects analysis

—— 1.12 (1.00, 1.26)  29.00
—i—o— 1.21(1.05, 1.40)  21.24
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N : 0.95(0.57,1.59)  2.23
- : 0.92(0.37,227)  0.74
R E— 150 (1.14,1.97) 741

) <> 1.13(1.03,1.24)  87.51

—_— 0.98(0.75,1.28)  7.71
—- 1.16 (0.82,1.64)  4.77

<:> 1.04 (0.84,1.29)  12.49
<> 1.12(1.03,1.21)  100.00

I
372

Fig 2. Forest plot describing the association

between overweight status/obesity and brain/CNS tumor risk among females. Apart from the overall

analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.

doi:10.1371/journal.pone.0136974.9002

1.28-1.71, seven study arms, I = 0.0%, Fig G in S1 File); once again the correlation was reproduc-
ible upon the subgroups of cohort as well as case-control studies. On the other hand, the over-
weight females presented only with a marginal trend towards increased risk for meningioma
(pooled RR = 1.11, 95%CI: 0.99-1.25, p = 0.085, nine study arms, I* = 8.3%, Fig G in S1 File).

The results among males were compatible with those among females. Overweight status/
obesity was associated with increased risk for meningioma among males (pooled RR = 1.58,
95%CI: 1.22-2.04, nine study arms, I> = 27.2%, Fig 4); however, the positive association
appeared to be confined to the case-control studies. The positive association was mainly attrib-
utable to the subgroup of obese males (pooled RR = 1.78, 95%CI: 1.22-2.61, four study arms,
I” = 29.6%, Fig H in S1 File).

As expected, the positive association between overweight status/obesity and meningioma
risk was also noted during the pooling of the six study arms that did not distinguish between
the two sexes (pooled RR = 1.31, 95%CI: 1.12-1.53, I* = 0.0%, Fig I in S1 File).
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Study
ID

Cobhort studies

Benson, females, 2008, 25.0-29.9
Benson, females, 2008, >=30.0
Jhawar, females, 2003, >=25.0

*[

3

Johnson females, 2011, 25.0-29.9
Johnson females, 2011, 30.0-34.9
Johnson females, 2011, >=35.0
Michaud, females, 2011, 25.0-30.0
Michaud, females, 2011, >=30.0
Wiedmann, females, 2013, 25.0-29.9
Wiedmann, females, 2013, >=30.0
Subtotal (I-squared =39.9%, p =0.092)

Case—control studies

Claus, females, 2013, 23.4-26.6
Claus, females, 2013, 26.6-30.9
Claus, females, 2013, >30.9
Custer, females, 2006, 25.0-30.0
Custer, females, 2006, >=30.0

*

L 3

%

OR/RR (95% CI) ~ Weight

1.01 (0.79,1.29)  10.43
1.40 (1.06, 1.84) 935
1.61 (0.96,2.70)  4.06
0.92 (0.59, 1.44)  5.09
2.14(1.36,336) 4.9

L 3

Lee, females, 2006, >=25.0
Subtotal (I-squared = 10.4%, p = 0.349)

Overall (I-squared = 35.7%, p=0.078)

NOTE: Weights are from random effects analysis

4

1.99 (1.06,3.72)  2.97
143 (0.98,2.09)  6.35
147 (0.91,2.37) 4.6l
1.37(0.87,2.15)  5.02
1.68 (0.97,2.91)  3.67
139 (1.17,1.64)  56.54

1.06 (0.83,1.35)  10.50
1.13(0.89,1.44)  10.47
129 (1.01,1.65)  10.42
120 (0.71,2.03)  3.97
1.50 (0.92,2.45)  4.41
0.70 (0.40, 1.21)  3.69
1.15(1.00,1.32)  43.46

1.27 (1.13, 1.43) 100.00

I
269

3.72

Fig 3. Forest plot describing the association between overweight status /obesity and meningioma risk among females,. Apart from the overall

analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.

doi:10.1371/journal.pone.0136974.9003

Meta-analysis: gliomas

The lower panels of Table 3 present the results of the meta-analyses regarding the association
between overweight status/obesity and glioma risk. Being overweight or obese correlated with
increased risk for glioma among females (pooled RR = 1.17, 95%CI: 1.03-1.32, six study arms,
I” = 0.0%, Fig 5), with the association spanning both the subsets of cohort (pooled RR = 1.14,
95%CI: 1.00-1.29, four study arms, 2 = 0.0%) as well as case-control studies. Statistical signifi-
cance was achieved regarding overweight females (pooled RR = 1.19, 95%CI: 1.02-1.38, three

study arms, I* = 0.0%, Fig J-i in S1 File), whereas the association among obese females did not
reach significance (pooled RR = 1.13, 95%CI: 0.92-1.38, I* = 0.0%, Fig J-ii in S1 File); of note
though only three study arms reported on the latter subgroup, denoting the scarcity of data.
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Study
ID

Cohort studies

Michaud, males, 2011, 25.0-30.0
Michaud, males, 2011, >=30.0
Wiedmann, males, 2013, 25.0-29.9
Wiedmann, males, 2013, >=30.0
Subtotal (I-squared = 0.0%, p =0.757)

Case—control studies

Aghi, males, 2007, 25.0-29.9

Aghi, males, 2007, >=30.0

Schildkraut, males, 2014, 25-30
Schildkraut, males, 2014, 30—35
Schildkraut, males, 2014, >=35

Subtotal (I-squared =24.2%, p = 0.260)

Overall (I-squared =27.2%, p = 0.202)

NOTE: Weights are from random effects analysis

%

|
.0147

OR/RR (95% CI)  Weight
1
:
—4—5— 1.14 (0.62, 2.11) 1251
——o:— 1.51 (0.68, 3.36) 8.33
— 0.88(0.41,187)  9.13
— 076 (0.17,338) 276
<>: 1.11(0.74, 1.64)  32.72
I
|
I
: * 3.97(0.74,2136)  2.20
I s 11.25 (1.86,68.12)  1.93
. 1.66 (1.17,2.35)  24.62
—E+— 1.92(1.28,2.89)  20.92
M 1.64 (1.02, 2.64) 17.61
<I,':> 1.86 (1.40,2.48)  67.28
1
|
<> 1.58 (1.22, 2.04) 100.00
1
1
1
' T

Fig 4. Forest plot describing the association between overweight status /obesity and meningioma risk among males. Apart from the overall analysis,
the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.

doi:10.1371/journal.pone.0136974.g004

Among males, there was no association between being overweight/obese and glioma risk
(pooled RR = 0.96, 95%CI: 0.76-1.23, six study arms, I* = 22.4%, Fig K in S1 File); the null pat-
tern was reproduced at the subgroup analyses on cohort studies, case-control studies, over-
weight and obese subjects (Fig L in S1 File). The pooling of the 14 study arms that did not
distinguish between the two sexes pointed to a null association (pooled RR = 1.03, 95%CI:
0.94-1.14, 1> = 0.0%, Fig M in S1 File); the null pattern was replicated at the subgroup analyses
on cohort studies, case-control studies, overweight and obese subjects (Fig N in S1 File).

Dose-response meta-regression analysis

The results of the dose-response meta-regression analysis are presented in Table A in S1 File.
The positive association between overweight status/obesity and risk for meningioma among
females was reflected upon the findings of the meta-regression analysis (exponentiated coeffi-
cient = 1.15, 95%CI: 1.03-1.28, BMI in increments of 5 kg/m?, p = 0.018 following the
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Study

ID

Cohort studies

Benson, females, 2008, 25.0-29.9
Benson, females, 2008, >=30.0
Holick—NHS I, females, 2007, 25.0—29.9
Holick—NHS I, females, 2007, >=30.0

Subtotal (I-squared = 0.0%, p = 0.824)

Case—control studies
Little, females, 2013, 25.0-29.9
Little, females, 2013, >=30

Subtotal (I-squared = 0.0%, p = 0.675)

Overall (I-squared = 0.0%, p =0.757)

NOTE: Weights are from random effects analysis

%

OR/RR (95% CI)  Weight

i

1

;
- 1.20 (1.00, 1.43)  46.96

1
—_—f 1.07 (0.85,1.35)  27.08
. 1.03(0.71,1.49)  10.95

1.17(0.70,1.96)  5.57

-¢--1--

<> 1.14 (1.00, 1.29)  90.56
1
1
1
1
1
;
. 1.39(0.85,2.27)  6.12
1
! - 1.66 (0.85,3.24) 331
1

1.48 (1.00,2.20) 9.44

1.17(1.03,1.32)  100.00

I
309

I
1 3.24

Fig 5. Forest plot describing the association between overweight status/obesity and glioma risk among females. Apart from the overall analysis, the
subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.

doi:10.1371/journal.pone.0136974.g005

approach by Berlin et al. [26], Fig O in S1 File), with similar results according to the approach
by I'yasova et al. [27].

On the other hand, the remaining sets of meta-regression analyses did not yield any signifi-
cant associations; of note, however, it should be noted that the majority of these meta-regres-
sion analyses should be deemed explorative, as 10 study arms represent a minimum
requirement for satisfactory power according to the Cochrane Handbook [23].

Evaluation of quality of studies and risk of bias

The evaluation of quality of studies is presented in Table B in S1 File for cohort studies and in
Table C in S1 File for case-control studies. The quality of cohort studies was mainly compro-
mised by the fact that the ascertainment of BMI was based on questionnaires rather than actual
measurements. Regarding the case-control studies, their quality was often compromised by the
lack of comparability of non-response rates among cases and controls, as well as the definition
of controls. Regarding the overall brain/CNS analysis (Fig P in S1 File), publication bias was
not significant at the overall (overweight and obese, pooled together) analysis on females

(p = 0.429), males (p = 0.238), or study arms not distinguishing between the two sexes

(p =0.971). Similarly, lack of publication bias was noted regarding meningioma (p = 0.119;

p =0.761; p = 0.696, respectively, Fig Q in S1 File), whereas concerning glioma publication bias
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was noted only in the analysis pertaining to study arms not distinguishing between the two
sexes (p = 0.421; p = 0.120; p = 0.030, respectively, Fig R in S1 File).

Discussion

This meta-analysis highlights obesity as a risk factor for overall brain/CNS, meningiomas and
gliomas in females. More specifically, being overweight or obese conferred a substantial
increase in risk for all three conditions (12%, 27% and 17%, respectively). Moreover, over-
weight status or obesity also emerged as a risk factor for meningioma in males, conferring an
excess risk of 58%.

From a methodological point of view, dose-response meta-regression analysis was often
hampered by the small number of eligible study arms; nevertheless, it was capable of further
validating the association between being overweight/obese and increased risk of meningioma
among females. Indeed, the dose-response pattern may reinforce the causal nature of the asso-
ciation, according to the Bradford-Hill criteria [51]. Apart from the meta-regression analysis,
the dose-response pattern could also be indirectly observed, given that obese males and females
seemed sizably more burdened than overweight ones in terms of meningioma risk. Further
commenting on methodological issues, this meta-analysis clearly underlines the need for sepa-
rate reporting by gender in the forthcoming studies, as the study arms that did not distinguish
between the two sexes seemed to merely reflect the effects of subjects’ admixture.

Obesity may act through a variety of cancer-promoting pathways, such as chronic insulin
resistance, hyperinsulinemia and increased activity of insulin-like growth factor (IGF)-I [52].
Importantly, more than half of meningiomas express the IGF-1 receptor, with IGF-I inducing
the growth of meningioma cells in culture; this may provide a direct mechanism of potential
tumor-promoting action in both genders [53]. Similarly, IGF-I receptors have been identified
in glioma cells, possessing mitogenic [54] and anti-apoptotic [55] actions; this physiological
background, shared by meningiomas and gliomas, may provide evidence for the biological
plausibility of the associations observed by this meta-analysis.

The underlying mechanisms regarding the sex-specific pattern regarding gliomas and over-
all brain/CNS tumors remain unclear, but may encompass sex hormone-related effects. The
well established, positive correlation between body fat mass and the levels of estrogen [56],
highlighting the role of adipose tissue as a highly active endocrine organ, seems of special
importance in this context. Being overweight/obese was consistently associated with meningi-
oma risk in females, among both subgroups (cohort and case-control studies), whereas the
association pertaining to males seemed mainly due to case-control studies. Sex steroid hor-
mone receptors are indeed present in the majority of meningiomas, namely 80 to 90% of
meningiomas express the progesterone receptor and 40% express the estrogen receptor [57];
this fact is consistent with the higher incidence of meningiomas among women compared to
men [4, 58], as well as the progression of meningiomas during pregnancy [59].

Limitations of our meta-analysis essentially reflect the shortcomings of individual studies.
Unadjusted effect estimates have been occasionally calculated, suffering essentially from con-
founding, whereas gender-specific effect estimates were not always provided, as discussed ear-
lier. Furthermore, the number of eligible study arms regarding males was substantially smaller
than that regarding females, potentially limiting the power of the analyses. Moreover, heteroge-
neity is very often present but may remain undetected, especially for small meta-analyses [60],
as was occasionally the case in the present effort. Regarding the external generalizability of the
findings documented herein, it seems worth mentioning that only two studies on Chinese/
Asian populations were eligible [37, 38] and they reported on brain/CNS tumors, a fact which
underlines the need for relevant studies especially regarding histotypes (meningioma/glioma),
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so as to shed light into race-specific effects, if any. In cohort studies, the ascertainment of BMI
was based on questionnaires rather than actual measurements, a fact which may have intro-
duced reporting bias; case-control studies often suffered by the differential non-response rates
among cases and controls and are inherently prone to reverse causation.

It would also be tempting to envisage future studies assessing more elaborate indices of obe-
sity, such as the waist to hip ratio as a marker of central, obesity, or measurements of subcuta-
neous fat, and whole body fat proportion in an attempt to provide further insight for the
underlying pathophysiological links. Future studies may also broaden the perspective of this
meta-analysis, examining the associations of obesity with schwannomas and other CNS tumor
types, regarding which there is currently limited data. Individual patient data (IPD) pooled
analyses seem also particularly desirable, as they might effectively investigate mediating and
moderating effects regarding both patient and study characteristics, whereas they might effec-
tively account for missing data as well as minimize or more adequately explain heterogeneity.

Despite the limitations, this meta-analysis bears certain strengths that can also be acknowl-
edged. The lack of publication bias might be one of them; nevertheless, tests for publication
bias are rather underpowered, especially in the context of less than 10 studies [61]. Other assets
include the broad search algorithm, the meticulous “snowball” procedure for the maximization
of eligible articles and synthesized information, as well as the rigorous contact [62] with the
authors who subsequently provided us with supplementary data. Indeed, for instance regarding
meningioma, our meta-analysis collectively synthesized 16 study arms, whereas the most
recent meta-analysis on the field focused only on six studies [22], underlying the comprehen-
siveness of our approach, which may well have supplied us with substantial statistical power to
detect the associations, contrary to the previous work. Another strength of this meta-analysis
pertains to the fact that the synthesized studies are relatively recent, published between 2001
and 2014. From a public health perspective, the association between obesity and risk of the
CNS tumors seems extremely meaningful, as the modifiable nature of obesity [63] may provide
opportunities for prevention regarding these rare, yet considered unpreventable, tumor types.

In conclusion, this meta-analysis is the first to highlight obesity as a risk factor for overall
brain/CNS tumors, meningiomas and gliomas among females, as well as for meningiomas
among males. Further accumulation of data seems mandatory regarding more elaborate obe-
sity indices. These results open novel perspectives in the prevention of CNS tumors and war-
rant further investigation regarding the mechanisms underlying the pathophysiological links
and potential sex-specific effects.
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